Objective-The association between brain atrophy and permanent functional deficits in multiple sclerosis and the temporal relation between atrophy and the clinical disease course have seldom been investigated. This study aims to determine the amount of infratentorial and supratentorial atrophy in patients by comparison with healthy controls, to establish the relation between atrophy and disability, and to derive the rates of volume loss in individual patients from their estimated disease durations. Methods-Three dimensional acquired MRI was performed on 20 relapsingremitting and 20 secondary progressive multiple sclerosis patients and 10 control subjects. Volume data on infratentorial and supratentorial structures were obtained using the Cavalieri method of modern design stereology in combination with point counting. Corpus callosal sectional area and "T2 lesion load" were also determined. Particularly for infratentorial structures, estimated rates of atrophy were higher in relapsing-remitting than secondary progressive patients, suggesting that atrophy, perhaps mainly due to tract degeneration, begins early in multiple sclerosis and may relate predominantly to acute inflammatory events, with or without other gradual non-inflammatory processes later in the disease course. (J Neurol Neurosurg Psychiatry 1999;66:323-330) 
Relapsing-remitting (RR) and secondary progressive (SP) multiple sclerosis (MS) are widely accepted as diVerent phases of the same disease.
1 2 After an initial period of relapses and remissions, about 50% to 60% of RR patients will convert to the chronic progressive stage within 10 years of onset. 3 4 The pathophysiological basis for this change is uncertain, although it has long been supposed that whereas inflammation and demyelination predominate in early RR MS, axonal loss and subsequent atrophy are late events, associated with chronic lesions and the development of irreversible neurological deficits in the SP phase. 5 In addition, axonal loss is thought to be a gradual process with the passage of time. 6 These ideas have been challenged by the demonstration that axonal loss in the form of defects in the retinal nerve fibre layer is surprisingly common in optic neuritis. 7 Further, histopathological series have disclosed that substantial axonal loss occurs in acute MS plaques, 8 even when they are clinically silent. 9 Magnetic resonance spectroscopy has been increasingly employed in the investigation of chemical changes in MS patients, with reduction in N-acetyl aspartate (NAA) peaks in both MS lesions and normal appearing white matter being taken to represent axonal loss. [10] [11] [12] [13] [14] None the less, there is uncertainty as to whether reductions in NAA correspond to permanent or merely transient axonal dysfunction. 14 Another possibility is to investigate loss of tissue volume, which, although lacking in specificity for demyelination or axonal loss, is correlated with irreversible neurological dysfunction. [15] [16] [17] [18] [19] [20] [21] [22] In this study, we acquired high resolution three dimensional (3-D) T1 weighted gradient echo MR images of the brain 23 in a cohort of RR and SP MS patients as well as control subjects and employed the Cavalieri method of modern design stereology in combination with point counting to obtain unbiased estimates of structural volumes. 24 Our aims were to determine, firstly, how much atrophy of the brain and spinal cord occurs in RR and SP patients compared with controls; secondly, the functional relevance of atrophy, and thirdly, the relative rates of volume loss in RR and SP MS.
Methods

SUBJECTS
Forty patients with clinically definite or laboratory supported definite MS 25 were recruited. Twenty were classified as RR and 20 as SP MS. 26 The disease course for each patient, including the initial episode and subsequent relapses and progress, was established by reviewing the clinical histories and neurological records. All the RR patients had at least two documented relapses, as defined by the Poser criteria, 25 in the 2 years before the study, and had been free of exacerbations for at least 3 months. No patient had been treated with immunosuppressive drugs or immunomodulators and none had any other relevant medical conditions. Full neurological examinations were performed on the cohort within 24 hours of MRI. Disability was scored on the expanded disability status scale (EDSS), 27 the ambulation index, 28 and the Scripps neurologic rating scale (SNRS). 29 Ten healthy volunteers (five men and five women), age matched to the RR subgroup, also underwent MRI.
MRI PROTOCOL
Brain MRI was performed on a 1.5T system (Magnetom SP4000, Siemens, Erlangen) with a proprietary head coil. A proton density and T2 weighted dual echo sequence with 5 mm transverse contiguous scans was acquired (TR 2500 ms; TE(PD) 27 ms, TE(T2-W) 81ms; matrix 192×256; FOV 25 cm). Ten minutes after intravenous gadolinium-DPTA at 0.1 mmol/kg, a T1 weighted 3-D gradient echo sequence (magnetisation prepared rapid acquisition gradient echo: MP-RAGE) was obtained (TR 10 ms; TE 4 ms; TD 100 ms; TI 300 ms;  flip angle 10  o ; matrix 192×256; FOV 25 cm) . This provided 128 sagittal images with an eVective slice thickness of 1.4 mm. The MRI analysis was performed using ANA-LYZE software (Biomedical Imaging Resource, Mayo Foundation, MN, USA). Total intracranial volume (TICV) and volume estimates for the supratentorial (cerebral hemispheres, cerebral grey matter, cerebral white matter, and total ventricles (lateral, third, and fourth)) and infratentorial compartments (brain stem, cerebellum, upper cervical cord (C1-3)), were obtained from the 3-D MP-RAGE images. The area of the corpus callosum was measured in the mid-sagittal plane as defined by the slice which included the full extent of the aqueduct. Structural boundaries were determined by reference to established landmarks. 30 The Cavalieri method provides unbiased volume estimates. A test system, comprising a square array of grid points, is overlaid at a random orientation on a systematic series of sections, exhaustively sampling the structure of interest. The number of points covering the structural transects is recorded. The volumes are estimated as the sum of the points counted on all the transects multiplied by the sectioning intervals. 24 31 To correct for variations in head size, all the volumes were normalised by the subject/population TICV ratio. 32 The total brain lesion volume on the T2 weighted scans (T2 lesion load) in each patient was assessed with a seed growing and signal intensity thresholding technique 33 using ANA-LYZE software.
DATA ANALYSIS
Individual normalised volume measurements for each patient were subtracted from the corresponding mean control data to obtain the volume diVerences (in ml and %). The rates of atrophy (in ml/year and % change/year) were then estimated with reference to each patient's disease duration (time from onset of the first neurological episode or relapse).
Statistical analysis was performed using Arcus Pro-II software (version 2.15). Clinical diVerences were assessed with the MannWhitney U test (two tailed). Rater and scanning variabilities were calculated according to the method of Bland and Altman. 34 Intergroup comparisons of MRI data were made with the Kruskal-Wallis test. Correlations were explored with Spearman's rank coeYcient. Means, SD, and SEM were calculated when data were normally distributed (Shapiro-Wilk W test).
Due to the relatively large number of tests carried out, a Bonferroni procedure was performed on each set of comparisons to estimate the p values required for significance.
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Results
Our MS patient cohort (13 men, 27 women) had a median age of 36 (interquartile range (IQR) 29 to 44) with a median disease duration of 7 years (IQR 4 to 13) and a median baseline 2 year exacerbation rate of 3 (IQR 1 to 4). The median neurological rating scores for EDSS, ambulation index, and SNRS were 3.5, 2 and 78, respectively. The controls comprised five men and five women whose age (median 30, IQR 26 to 32) did not diVer significantly from the RR subgroup. The SP patients were significantly older than their RR counterparts and had longer disease durations, lower relapse rates, and worse scores on the clinical rating scales (table 1) . There was no subgroup diVerence in height.
The estimated T2 lesion loads for all patients had a median of 18.9 cm 2 (IQR 7.1 to 32.7), and the RR (median 16.1 cm 2 , IQR 6.5 to 28.1) and SP (median 22.3 cm 2 , IQR 7.8 to 36.8) T2 lesion loads were not significantly diVerent.
For the volume estimates, within and between operator variance on 10 sets of randomly selected scans ranged from 0.02 to 0.03 and 0.05 to 0.06, respectively. The scan-rescan variability from phantom volume measurements was 0.02. There were no significant between group diVerences in TICV. The control subjects had significantly larger infratentorial and cerebral white matter volumes and corpus callosal areas than either patient subgroups (p <0.0001 to 0.004) (table  2, fig 1) . These results correspond to mean volume changes in the brain stem of −21%, the cerebellum of −19%, the upper cervical cord of −46%, and the cerebral white matter of −12%.
The mean change in cross sectional area of the corpus callosum was −21% (table 2) . A comparison of the patient subgroups showed trends to more atrophy of the cerebral white matter and upper cervical cord in SP than RR MS (p=0.01 to 0.008) (table 3) .
No significant association was found between supratentorial and infratentorial volume losses, although trends were seen between cerebellar atrophy and tissue loss in the white matter, cerebral hemispheres, and corpus callosum (r=+0.34 to +0.39; p=0.013 to 0.034), as well as increase in ventricular size (r=−0.31; p=0.05) (table 4). The T2 lesion load correlated significantly with both an increase in ventricular size (r=+0.50; p=0.0012) and a reduction in corpus callosal area (r=−0.55; p=0.0003), but not with the volumes of the cerebral white matter or infratentorial structures.
For the entire patient cohort, the volume change in the upper cervical cord (diVerence from control values) correlated significantly with disability, such that a reduction in SNRS was associated with more atrophy (r=+0.49; p=0.002) (table 5, fig 2 A ). Supratentorial loss in white matter volume (diVerence from controls) was correlated significantly with disease duration (r=−0.45; p= 0.004) and followed a trend such that the lower the SNRS, the greater the reduction in white matter volume (r=+0.43; p=0.007) (table 5). Trends were also seen for associations between increases in EDSS and ambulation index and volume reductions in both the upper cervical cord and cerebral white matter (r=−0.33 to −0.37; p=0.018 to 0.045). The T2 lesion load did not correlate with any clinical rating scores.
Rates of supratentorial volume changes, as derived from individual disease durations, showed no significant subgroup diVerences (table 6) . Infratentorially, the upper cervical cord and brain stem volumes in the RR patients seemed to have declined at a faster rate than for the SP subgroup (table 6). For the entire cohort, the atrophy rates of the upper cervical cord and brain stem also correlated significantly with the 2 year relapse rates (r=−0.50, −0.48; p=0.0016 to 0.0021)-that is, the higher the baseline relapse rate, the faster the volume loss (table 7, fig 2 B ). Infratentorial atrophy rates also correlated positively with increases in EDSS and ambulation index (r=+0.34 to +0.46; p=0.004 to 0.03) (table 7).
Discussion
SUPRATENTORIAL ATROPHY
Our MRI results showed significant atrophy of both cerebral white matter and the corpus callosum, as well as a trend to greater volume loss of the cerebral white matter in SP compared with RR MS. In our patients, cerebral white matter atrophy (on average 12% less than controls) was correlated with the SNRS and the EDSS scores, suggesting that white matter volume loss may have functional significance. On the other hand, our T2 lesion load measurements did not show clinical correlations. This should not be surprising, given that the average T2 lesion load, when extrapolated to 3-D data, represents less than 4% of the white matter volume in our cohort. Recent MR spectroscopic evidence suggests that a far greater proportion of the reduction in brain NAA is contributed by changes in the normal appearing white matter than by the total T2 weighted lesions. 13 It is thus intriguing to consider whether cerebral white matter atrophy may be more strongly associated with the invisible lesion load in the normal appearing white matter, 36 than with lesions visible on T2 weighted images.
In some previously published series it is possible to estimate the amount of atrophy of the corpus callosum from the data provided. Using the control data from the series of Pelletier et al, the mean loss of tissue in the corpus callosum on the mid-sagittal slice can be estimated as 25% and 15%, for their patients with and without T2 weighted brain lesions, respectively. 37 Similarly, utilising MRI measurements from the study of Simon et al, a mean loss of 18% and 11% of corpus callosal area can be derived for their male and female patients, respectively. 38 These results compare with a mean loss of 21% in our overall cohort. Our findings of a significant association between corpus callosal atrophy and the T2 lesion load are consistent with these earlier studies. The lack of correlations of our data with clinical disability may be explained partly by the detection of a substantial reduction in axonal density in additional to atrophy in the normal appearing white matter of the corpus callosum from a recent histopathological report. 39 There were trends to cerebral atrophy and ventricular enlargement in our patients, but there are few publications on cerebral atrophy in MS with which to compare our results. In one study of longitudinal volume changes in MS using 4 slice MRI "slabs", no controls were examined. 17 The failure of our ventricular comparisons to reach significance might be confounded by the relatively large variance in the data and possible fluctuations of ventricular size with the state of hydration. 40 41 In addition, the method of volume normalisation described by Blatter et al fails to correct for age and sex diVerences in the ventricular size of healthy subjects. 32 
INFRATENTORIAL ATROPHY
Our patients had significantly smaller volumes than healthy controls in all three infratentorial structures. DiVerences between RR and SP MS were apparent for the upper cervical cord. Previous reports have mainly focused on measurements of the cerebellum and the cervical cord. For the cerebellum, earlier series concentrated on lesion load, 42 although more recently Davie et al compared the cerebellar volumes of MS patients with (Kurtzke cerebellar function score>3) and without ataxia (cerebellar score 0-1). 43 The amount of cerebellar atrophy can be estimated from their control data (bearing in mind that only the median control volume is available), as loss of 15% and 5% for the ataxic and non-ataxic patients, respectively. Although direct comparison with our study would not be strictly accurate due to confounding factors from dissimilar case mix (both our RR and SP subgroups had cerebellar scores 0-3) as well as diVerent scanning (2-D v 3-D acquired MRI) and analytical techniques (contouring v stereology; raw v normalised volumes), our cohort showed a higher cerebellar volume loss than that of Davie et al. However, the functional relevance of this is unclear as our results did not correlate with any clinical indices, including the cerebellar function score.
The cross sectional area of the cervical cord at C5 has been investigated in several series with conventional 2-D MRI. 15 16 44-46 If extrapolation is performed from the available control data in the study of Kidd et al, a mean reduction in area of 9% can be derived in both RR and SP subgroups (with less atrophy in their primary progressive and benign patients). 15 This compares with a mean decrease of 16% in SP MS from another report. 16 The cord area at C2 has also been examined using MR techniques with higher reproducibility. LosseV et al measured C2 area with a volume acquired inversion prepared sequence. 18 From their control data there was no significant area loss in RR patients, whereas their SP subgroup sustained a mean loss of 28% (the last having more atrophy than their primary progressive and benign counterparts in the study). Again, methodological issues, especially between 2-D and 3-D data, confound direct comparisons. Nevertheless, the relatively high amount of cervical atrophy in the present study correlated significantly with the SNRS and conferred trends for the EDSS and ambulation index, thus suggesting the relevance of volume loss to functional deficits in the pathway rich infratentorial region.
RELATION OF STRUCTURAL CHANGES
From our demonstration of both supratentorial and infratentorial atrophy, some spinal cord volume loss might be expected secondary to changes "upstream" in the cerebral hemispheres due to Wallerian degeneration. [47] [48] [49] In our study, despite the association between reductions in structural volume within each intracranial compartment, no significant relation was found between supratentorial and infratentorial atrophy (table 4) . Furthermore, shrinkage of the upper cervical cord and the cerebral white matter did not correlate with T2 lesion load. Hence the volume changes in the spinal cord seem to occur independently of brain abnormalities, in agreement with the conclusion from another series. 21 None the less we cannot exclude the possibility of other indices (for example, cervical cord T2 and T1 lesion loads) being related to supratentorial changes. Interestingly, our T2 lesion load, although not associated significantly with increased disability, correlated well with corpus callosal atrophy and ventricular enlargement. The importance of this perhaps lies in possible adverse consequences on cognition. Moreover, it has been suggested that T2 weighted lesions may be a prerequisite for the development of atrophy in the corpus callosum, 37 especially relating to axonal loss secondary to periventricular plaques. 38 It has also been reported in a postmortem study that greater atrophy of the corpus callosum is associated with more marked ventricular dilatation. 50 
ATROPHY RATES
The inevitable uncertainty about the reliability of retrospective data based on the time from the first episode of neurological symptoms, means that cautious interpretation of our atrophy rate estimates is necessary, especially in view of the lack of information about the duration of the "latent phase" before clinical manifestations of MS. 6 However, as RR and SP MS have long been regarded as diVerent phases of the same disease, 1 2 and up to 60% of RR patients are expected to become progressive by 10 years, 3 4 51 it is instructive to consider our subgroup results as an approximation of the volume changes from no clinical disease through RR MS to SP MS. Whereas the projected supratentorial structural volume loss would seem to remain constant over time, the rates of infratentorial atrophy appear to decrease with longer duration. Indeed our RR brain stem and upper cervical cord atrophy rates followed a trend to be greater than those of the SP patients (table 6) .
The above findings are unexpected, as it has been generally accepted that pathologically early MS consists of mainly inflammation and demyelination, whereas severe axonal loss and atrophy are events of chronic or late MS. 5 Axonal destruction has also been thought to occur gradually and progressively throughout the disease course. 6 However, several recent experimental, neuroimaging, and neuropathological series have suggested otherwise. Firstly, using Theiler's murine encephalomyelitis virus as an experimental model of MS in transgenic mice, Rivera-Quinones et al demonstrated that in class I major histocompatibility complex deficient mice with severe demyelination, but preserved axons in the spinal cord, little functional deficit was seen. However, in other groups of mice with demyelinated spinal cords as well as axonal damage, profound neurological dysfunction ensued. 52 Secondly, there is MR spectroscopic evidence that the rate of supratentorial NAA decline is consistently slower in SP than RR MS. 12 The rate of axonal damage may be proportional to the density of existing axons, so that further inflammation may result in less axonal damage in the later stages of MS. 13 Infratentorially, a serial MRI study of cervical cord area at C2 reported increasing atrophy over 1 year in RR patients, but no significant change in SP MS. 53 Thirdly, abundant evidence of axonal transection was disclosed in a histopathological series of active and chronic active MS lesions, suggesting that axonal changes occur early in the disease. 54 Another postmortem study of clinically silent MS showed axonal loss of up to 64% and 82% in demyelinated brain and spinal cord lesions, respectively. 9 Pathological changes have also been found in the normal appearing white matter of the corpus callosum, with a 40% reduction in axonal density. 39 Ferguson et al, employing immunostaining for amyloid precursor protein as a neuropathological marker of early axonal damage, showed expression in acute, but not chronic lesions. 8 It has therefore been postulated that axonal damage is associated with relapses and inflammation. 8 The last point is supported by our findings that the infratentorial atrophy rates correlated significantly with baseline relapse rates (table 7, fig 2  B ). These examples have implications for our study of brain and spinal cord atrophy, as axonal loss is increasingly recognised as a major contributor to atrophy. 22 43 Our estimation of atrophy rates was made by comparing the patients' volume data with those from a cohort of normal controls. Despite several potential confounding factors, we think that such comparisons are valid. Firstly, although the number of control subjects was relatively small, the variance in their volume data did not aVect the highly significant diVerences in the patient data, even after the conservative Bonferroni t test correction. Secondly, the age matching of the RR, but not the SP patients, to the controls might cause bias from possible supratentorial atrophy associated with normal aging. However, several normative brain imaging databases have demonstrated that significant atrophy of the cerebral hemispheres and grey matter, [55] [56] [57] and reduction in the grey/white matter ratio 58 and the intracranial white matter fraction, 58 occur only after the fifth decade, which is outside the age range of our SP patients. Nevertheless, increasing ventricular dilatation has been documented from the second decade in male volunteers (after volume normalisation) 32 and our ventricular data may therefore be less reliable in the SP subgroup. On the other hand, we aimed to investigate the approximate volume changes through the stages of no clinical disease via RR MS to SP MS (fig 1) , so that accurate age matching is less critical. Thirdly, it has been reported that the cross sectional area of the spinal cord at C5 correlates with the height of control subjects. 44 We found no significant differences in the height of our subgroups. Fourthly, the sex ratio in our patients was biased towards female patients, which might have resulted in smaller volumes. This potential error was corrected by normalising the data using the method described by Blatter et al, 32 which eliminates such diVerences in cohorts of male and female subjects.
Conclusion
We have found significant atrophy of the infratentorial compartment, cerebral white matter volume, and corpus callosal area in our cohort of MS patients using 3-D MRI measurements. The estimated volume loss in the upper cervical cord and cerebral white matter was correlated with disability scores. Furthermore, the infratentorial rates of atrophy, as derived from disease durations, were lower in the SP than the RR subgroup. Disease activity detected on MRI is up to 10 times greater than clinical events. 59 If loss of brain tissue in MS is a gradual, progressive process, myelin and/or axonal loss may have begun during the latent phase before the first clinical episode. However, if the rate of axonal loss is dependent on inflammation (as suggested by the correlation with relapses), or the amount of viable axons available, then the situation is more complex. To investigate the temporal relation of structural volumes and disease course, it is necessary to study patients before they develop clinical MS. An obvious group would be those with an isolated syndrome of the CNS suggestive of demyelination, similar to the subjects recruited for a recent brain and spinal cord MR study. 60 Although measuring loss of tissue volume is not specific for the pathological mechanisms which underlie atrophy, and the roles of demyelination and gliosis remain unclear, it is increasingly evident that axonal loss is a major contributory factor to both atrophy and irreversible neurological disability. 22 Techniques of MR which enable more specific pathological processes to be interpreted in vivo-for example, the concurrent use of MR spectroscopy and magnetisation transfer imaging, 61 may help elucidate the relative contributions of the diVerent tissue elements in the atrophy of MS.
NEUROLOGICAL STAMP
Theodor Meynert (1833-92)
The centre of Austrian neurology during the 19th century was in Vienna. Vienna at that time was at its academic peak with the presence of such men as Skoda, Billroth, and Rokitansky. Meynert was born in Dresden and became Professor of Neurology and Psychiatry in Vienna (1873-92) where he performed studies in neuroanatomy and had a masterly grasp of the structure of the nervous system. He demonstrated that nerve cells in the cortex were in five horizontal layers (1867). In his book (1868) he discussed the cerebral cortex, hippocampal formation, olfactory bulb, and visual radiation. Eponymously he is remembered in Meynert's bundle, Meynert's commisure, the basal nucleus of Meynert, and the solitary cells of Meynert which are located in the region of the calcarine fissure. He singled out the calcarine fissure as being the most important of the occipital lobe. Meynert suggested that in addition to the occipital lobe, the whole temporal lobe may be involved in vision and that Parkinson's disease may be the result of defective function of the basal ganglia (1871). Among his contribution to the medical literature was Diseases of the Forebrain (1884). In that book he wrote on insanity as being a disease of the forebrain. He was editor of Jahrbucher Fur Psychiatrie from 1889 to 1892.
Meynert had a profound influence on the succeeding generation of neurologists including Sachs, Starr, and Putnam in America, and van Strumpell and Wernicke in Germany. Arnold Pick, of Pick's disease, who became Professor of Psychiatry in Prague, was also a student of Meynert, and Freud, in 1882, entered the General Hospital in Vienna as a clinical assistant to train with him.
His portrait appears on a set of Austrian postage stamps issued in 1937 to honour famous Austrian physicians (Stanley Gibbons 823, Scott B164).
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